The renin-angiotensin-aldosterone system (RAAS) regulates the body's hemodynamic equilibrium, circulating volume, and electrolyte balance, and is a key therapeutic target in hypertension, the world's leading cause of premature mortality. Hypertensive disorders are strongly linked with an overactive RAAS, and RAAS inhibitors, like angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs), are routinely used to treat high blood pressure (BP). BP reduction is one of the main goals of current European hypertension guidelines. Oral ACE inhibitors, the oldest category of RAAS inhibitor, were commercially released over 30 years ago in the early 1980s, over a decade before the first ARBs became available. The introduction of ACE inhibitors heralded major changes in the way hypertension and cardiovascular disease were treated. Although the decision of the medical community to replace older ACE inhibitors with more modern ARBs in the 1990s was debatable, it did nevertheless allow scientists to learn more about the angiotensin receptors involved in RAAS stimulation. This and much else of value have been discovered since RAAS inhibitors first became available, but some surprising gaps in our knowledge exist. Until recently, the effect of RAAS inhibition on mortality in hypertension was unknown. This question was recently addressed by a meta-analysis of randomized controlled trials in populations who received contemporary antihypertensive medication. The results of this meta-analysis have helped elucidate the long-term consequences of treatment with RAAS inhibitors on mortality in hypertension. This article will consider the differences between RAAS inhibitors in terms of pharmacological and clinical effects and analyze the impact of the main types of RAAS inhibitor, ACE inhibitors and ARBs, on mortality reduction in hypertensive patients with reference to this latest meta-analysis.
INTRODUCTION
The renin-angiotensin-aldosterone system (RAAS) regulates the body's hemodynamic equilibrium, circulating volume, and electrolyte balance, and is a key therapeutic target in hypertension, the world's leading cause of premature mortality. 1 Hypertensive disorders are strongly linked with an overactive RAAS, 2 and RAAS inhibitors, like angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs), are routinely used to treat high blood pressure (BP). 3 BP reduction is one of the main goals of current European hypertension guidelines. 4 Oral ACE inhibitors, the oldest category of RAAS inhibitor, were commercially released over thirty years ago in the early 1980s, over a decade before the first ARBs became available. 5 The introduction of ACE inhibitors heralded major changes in the way hypertension and cardiovascular disease were treated. Although the decision of the medical community to replace older ACE inhibitors with more modern ARBs in the 1990s was debatable, it did nevertheless allow scientists to learn more about the angiotensin receptors involved in RAAS stimulation.
This and much else of value have been discovered since RAAS inhibitors first became available, but some surprising gaps in our knowledge exist. Until recently, the effect of RAAS inhibition on mortality in hypertension was unknown. This question was recently addressed by a meta-analysis of randomized controlled trials in populations who received contemporary antihypertensive medication. 6 The results of this meta-analysis have helped elucidate the long-term consequences of treatment with RAAS inhibitors on mortality in hypertension.
This article will consider the differences between RAAS inhibitors in terms of pharmacological and clinical effects and analyze the impact of the main types of RAAS inhibitor, ACE inhibitors and ARBs, on mortality reduction in hypertensive patients with reference to this latest meta-analysis. 6 
PHARMACOLOGICAL EVIDENCE FOR RAAS INHIBITION
ACE inhibitors and ARBs inhibit the RAAS in distinct ways. ACE inhibitors prevent the enzyme ACE from converting angiotensin I into angiotensin II (Table 1) . 7, 8 Angiotensin II is a vasoconstrictor that causes a host of deleterious effects, including vascular damage at the endothelial and structural levels. 9 Angiotensin II is an important cause of heart, brain, and kidney damage, as well as a modulator of aldosterone, a hormone that increases BP by increasing sodium reabsorption, water retention, and Angiotensin II, which is formed from angiotensin I by angiotensin-converting enzyme (ACE), acts on different angiotensin receptors (ATs) to produce a variety of effects on the heart, vasculature, and kidneys. ACE inhibitors block the formation of angiotensin II and block the degradation of bradykinin. Angiotensin receptor blockers (ARBs) block the AT 1 receptor.
blood volume. Pathological outcomes induced by angiotensin II include myocardial infarction (MI), heart failure, stroke, and renal failure. ACE inhibition impairs angiotensin II production, resulting in a number of positive cardiovascular benefits. Attenuation of angiotensin II reduces levels of proinflammatory markers and prevents atherogenesis. It also inhibits fibrosis and reduces endothelial dysfunction. 9 Decreases in the concentrations of plasminogen activator inhibitor-1 and tissue factor, caused by the reduction of angiotensin II levels, inhibit thrombosis. 8 For these positive inhibitory effects to occur, it is important that local ACE is inhibited.
The advantages of angiotensin II reduction by ACE inhibition are substantial, but may be compromised in the long term because of "escape" effects related to angiotensin II and aldosterone. 10 Disrupted negative feedback mechanisms cause renin and angiotensin I concentrations to rise, eventually leading to angiotensin II escape when non-ACE enzymes, such as chymase, convert angiotensin I to angiotensin II. 11 Similarly, aldosterone escape occurs after long-term ACE inhibitor therapy, due to progressive elevation of aldosterone levels. In addition, angiotensin II can be produced by enzymes other than ACE.
Given this scenario, one might expect ACE inhibitors to lose all their efficacy over the long term, but this is not the case, thanks to a complementary mechanism of action related to ACE inhibition. By inhibiting ACE, ACE inhibitors also increase concentrations of the vasodilatory peptide bradykinin, which is broken down into inactive peptides by ACE. Bradykinin causes the release of the vasodilator nitric oxide and other relaxing factors, such as prostaglandins, prostacyclin, and endothelium-derived hyperpolarizing factor. 12 Physiologically, bradykinin can be regarded as having opposite effects to those of angiotensin II, in that it reduces BP, protects the heart, and improves arterial function. 13 Apoptosis is also inhibited by bradykinin. 9 These bradykinin-mediated effects help counter the "escape" effects and maintain the efficacy of ACE inhibition in the long term.
The mode of action of ARBs also limits the deleterious effects of angiotensin II. ARBs prevent the binding of angiotensin II to AT 1 receptors (Table 1) . 7, 8 Vasoconstriction, sympathetic stimulation, oxidative stress, release of inflammatory factors, and aldosterone release are all effectively reduced by this selective AT 1 receptor blockade. Compared with ACE inhibition, selective AT 1 receptor blockade has certain distinct advantages, like the absence of angiotensin II escape and pronounced inhibition of deleterious effects regulated via AT 1 receptor stimulation and blockade of all angiotensin II, independently from the site of production. Pure AT 1 receptor blockade may, however, be a mixed blessing; angiotensin II formation and concentration increase in response to blockade, and free angiotensin II binds to free angiotensin receptors (AT 2 , AT 3 , and AT 4 ). AT 2 receptor activation causes plaque to become unstable and thrombuses to form.
14 Activation of these receptors also induces hypertrophy, inflammation, and apoptosis, but also positive effects like vasodilation and diminished proliferation. The AT 2 receptor is also responsible for regulating aldosterone escape in ARBs. 15 Not much is known about the effect of AT 3 receptor stimulation, while AT 4 receptor stimulation is thought to promote thrombosis. 7 In brief, ACE inhibitors prevent the enzyme ACE from converting angiotensin I into angiotensin II and also prevent the breakdown of bradykinin, resulting in beneficial cardiovascular protection. Selective blockade of AT 1 receptors by ARBs also prevents a wide range of negative cardiovascular effects, but this selectivity may also be responsible for unintentional clinical effects, both positive and negative. These different modes of RAAS inhibition may explain some of the clinical differences between ACE inhibitors and ARBs.
CLINICAL EVIDENCE FOR RAAS INHIBITION
At first view, ACE inhibitors and ARBs may appear clinically similar: the two are used to treat cardiovascular risk factors, 16 and they both reduce BP, stroke, and symptoms of heart failure. 8 A longer look, however, reveals the existence of substantial clinical differences between the two classes of RAAS inhibitor, in particular with regards to cardiovascular risk reduction. The relationship between cardiovascular risk reduction and BP reduction is not clear-cut; trials that have compared ACE inhibitors versus ARBs, like ONTARGET (ONgoing Telmisartan Alone and in combination with Ramipril Global Endpoint Trial) and DETAIL (Diabetics Exposed to Telmisartan And enalaprIL), show that large decreases in BP do not automatically decrease the risk of cardiovascular outcomes and mortality. 17, 18 The results of these two prospective trials indicate there is no difference in outcome between ACE inhibitors and ARBs in patients with high cardiovascular risk (ONTARGET) or patients with diabetic nephropathy (DETAIL). 18 ARBs, it could be argued, should have reduced cardiovascular risk more, as mean BP was reduced more with ARBs in both trials. Another element that should have favored ARBs was the fact that the ACE inhibitors used in these respective trials, ramipril and enalapril, have shorter durations of action than telmisartan, the ARB used in both trials, and were administered in the morning, which meant patients in the ACE inhibitor arm were theoretically at greater risk of cardiovascular events following early morning surges in BP.
As
19 -21 ARB meta-analyses have also concluded that BP reduction with ARBs does not reduce the risk of MI. 22 -24 Conversely, minor falls in BP with ACE inhibitors may lead to substantial reductions in cardiovascular risk. In a meta-analysis of 146 838 patients with hypertension, 25 decreases in BP with ACE inhibitor therapy were small, but led to a supplementary 9% relative risk reduction (95% confidence interval [CI], 3% to 14%) in coronary heart disease, independent of BP. In fact, the same meta-analysis also revealed that with ARBs, there was a supplementary 8% increase in the relative risk of coronary heart disease (95% CI, 217% to 39%), independent of BP, and that this interclass difference was significant ( p ¼ 0.002).
25
A meta-analysis of MI in 55 050 ARB patients painted a similar picture, this time with regards to MI. 14 The rate of MI in this meta-analysis was deemed to be excessive in nine trials and significant in two (one versus active comparator and one versus placebo). With ARBs, there was no effect on all-cause mortality (odds ratio, 1.01; 95% CI, 0.96 to 1.06; p ¼ 0.80), but the risk of MI rose significantly by 8% (95% CI, 1% to 16%; p ¼ 0.03). On the other hand, ACE inhibitors were able to significantly reduce all-cause mortality, cardiovascular death, and MI by 9% (95% CI, 0.86 to 0.95; p , 0.001), 12% (95% CI, 0.82 to 0.95; p , 0.001), and 14% (95% CI, 0.82 to 0.90; p , 0.001), regardless of comparator. Class-specific effects like diminution of oxidative stress and endothelial dysfunction, and inhibition and stabilization of atherosclerotic plaque arguably account for some of the differences between ACE inhibitors and ARBs in terms of mortality reduction in hypertension. 9, 25 Mortality reduction in hypertension is contingent on more than simple BP reduction. Furthermore, abundant evidence already exists showing that there are differences between ACE inhibitors and ARBs in terms of mortality reduction.
MORTALITY REDUCTION WITH RAAS INHIBITORS IN CONTEMPORARY TRIALS OF HYPERTENSION: A META-ANALYTIC APPROACH
The most recent meta-analysis of mortality reduction with RAAS inhibition in hypertension, published in the European Heart Journal, 6 again confirmed a difference between ACE inhibitors and ARBs in terms of mortality reduction in hypertension. For this meta-analysis, English publications of contemporary (2000 to 2011) ACE inhibitor and ARB trials in hypertension were identified. 6 Twenty trials were included on the basis of a sufficient number of patients having hypertension (. 66%) and an acceptable incidence of all-cause death (n . 10). Data for all-cause mortality were available for all 20 trials, 19 -21,27 -43 while data for cardiovascular mortality were available for 16 of the 20 trials. 19 -21,27 -33,35,39 -43 Overall, there were 76 615 patients from ACE inhibitor trials and 82 383 patients from ARB trials in the meta-analysis. Approximately half the 158 998 patients were randomized to active treatment (n ¼ 71 401) and half to control (n ¼ 87 597). Fifty-eight percent of patients were male, and most patients were hypertensive (91%). Mean age was 67 years (range 59 to 84 years) and mean baseline systolic BP was 153 mm Hg (range 135 to 182 mm Hg). 6 The relative risk of all-cause mortality fell significantly by 5% (hazard ratio [HR], 0.95; 95% CI, 0.91 to 1.00; p ¼ 0.032) with RAAS inhibitors. 6 ACE inhibitors were responsible for much of this mortality reduction, with the relative risk of all-cause mortality falling significantly by 10% (HR, 0.90; 95% CI, 0.84 to 0.97; p ¼ 0.004) with ACE inhibitors (Figure 1 ). In contrast, there was no significant relative risk reduction in all-cause mortality with ARBs (HR, 0.99; 95% CI, 0.94 to 1.04; p ¼ 0.683). There was also a significant difference in treatment effect between ACE inhibitors and ARBs ( p ¼ 0.036).
With regard to cardiovascular mortality, RAAS inhibition was shown to significantly reduce the relative risk of cardiovascular mortality by 7% (HR, 0.93; 95% CI, 0.88 to 0.99; p ¼ 0.018) (Figure 2 ). 6 Analysis of 73 100 patients from nine ARB trials that reported cardiovascular mortality data showed that ARBs were not responsible for this reduction (HR, 0.96; 95% CI, 0.90 to 1.01; p ¼ 0.143). Again, mortality reduction was dominated by the effect of ACE inhibitors, with a trend towards a relative risk reduction in cardiovascular mortality of 12% (HR, 0.88; 95% CI, 0.77 to 1.00; p ¼ 0.051) in 76 615 patients from 7 ACE inhibitor trials.
As the findings are based on data from nearly 160 000 randomized controlled trial subjects, 6 the meta-analysis can be considered fundamentally robust in terms of data quality and numbers analyzed.
MORTALITY REDUCTION IN HYPERTENSION WITH RAAS INHIBITORS: ARE THEY ALL THE SAME?
As the results of the meta-analysis show, ARBs have no effect on either all-cause or cardiovascular mortality, so our attention should quite naturally first turn toward ACE inhibitors in the search of explanations about successful mortality reduction in hypertension. 6 When the results of ACE inhibitor trials of the meta-analysis were examined in greater depth, it was found that there was a significant reduction in the relative risk of all-cause mortality in only three of the seven ACE inhibitor trials: ASCOT-BPLA (Anglo-Scandinavian Cardiac Outcomes Trial Blood Pressure -Lowering Arm), ADVANCE (Action in Diabetes and Vascular disease: PreterAx and DiamicroN MR Controlled Evaluation), and HYVET (HYpertension in the Very Elderly Trial) (Figure 1) . 31 -33 The relative risk of all-cause mortality was reduced in these three trials by 11% ( p ¼ 0.025), 14% ( p ¼ 0.025), and 21% ( p ¼ 0.02), respectively. Perindopril was used in the active treatment arms of all three trials. The best that can be said for ARBs is a trend toward a 12% reduction in the relative risk of all-cause mortality ( p ¼ 0.077) reported in LIFE (Losartan Intervention For Endpoint reduction in hypertension), 39 which compared a losartan-based regimen versus an atenolol-based regimen. The relative risk of cardiovascular mortality was reduced significantly in only two of 16 trials, and these were both ACE inhibitor trials: ASCOT-BPLA and ADVANCE (Figure 2) . 31, 32 In ASCOT-BPLA, the relative risk of cardiovascular mortality was reduced by 24% ( p ¼ 0.001), while in ADVANCE it fell by 18% ( p ¼ 0.027). In the other perindopril-based trial, HYVET, 33 there was a trend towards a 23% reduction ( p ¼ 0.06). Copied from reference. 6 Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; CI, confidence interval; HR, hazard ratio.
From the above, it appears in this meta-analysis that perindopril-based trials accounted for a substantial part of the all-cause and cardiovascular mortality reduction with RAAS inhibitors in hypertension. The results with perindopril are probably due to a combination of effects. Perindopril acts on all the main parameters of BP, 31,44 -46 and its efficacy has been established in a wide range of hypertensive patients. 47, 48 Examination of its characteristics shows that perindopril is lipophilic and has a long duration of antihypertensive action (trough:peak ratio, 75% to 100%). 49, 50 Maximum inhibition is seen approximately 8 h after administration, although levels stay elevated (. 70%) 24 h after administration, 51 an effect confirmed in clinical practice. 48 With regards to the efficacy of perindopril in hypertension, this has been confirmed in a wide range of hypertensive patients, including the young and old, men and women, and patients of various ethnicities. 48 In a three-month study of clinical hypertension, mean sitting BP decreased significantly with perindopril, from 157/95 mm Hg at baseline to 139/84 mm Hg at study end ( p , 0.001). Furthermore, perindopril was found to be well tolerated and safe in high-risk patients, in addition to all other hypertensive subgroups. 47 The use of full-dose perindopril was recently investigated and found to be an efficient therapeutic approach in a range of hypertensive patients. 52 Figure 2. Random effects model comparison of cardiovascular mortality reduction in ACE inhibitor and ARB trials. Modified from reference. 6 Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; RAAS, renin-angiotensin-aldosterone system.
In addition to reducing BP, perindopril has been shown to have a beneficial effect on endothelium, an important regulator of physiological homoeostasis. 9 The endothelium, a continuous layer of cells lining blood vessels with a surface area of over 800 m 2 , has a lifespan of one to three months. When the natural life cycle of the endothelium is disrupted and the rate of apoptosis exceeds that of regeneration, the continuity of the endothelial layer is compromised. This situation favors the development and progression of atherosclerosis. In a stable coronary population, perindopril reduced endothelial apoptosis by 31% ( p , 0.05 versus placebo), 53 as well as normalizing fibrinolytic balance. Perindopril decreased levels of angiotensin II by 27% and increased those of bradykinin by 17% after one year ( p , 0.05 vs baseline).
In this study, 53 levels of von Willebrand factor, a marker of endothelial damage, were significantly reduced after one year in patients treated with perindopril compared with those on placebo ( p , 0.001). Interestingly, perindopril also appears to promote endothelial regeneration by increasing the rate of production of endothelial progenitor cells in bone marrow. 54 Perindopril has also been shown to modulate neovascularization, regress atherosclerosis, and reduce arterial stiffness (a marker of vascular remodeling). 55 Arterial stiffness was shown to diminish in adults with mild-to-moderate essential hypertension who took perindopril. 56 
CONCLUSION
With their predominant role in clinical practice, the superiority of ARBs versus ACE inhibitors should be clearly demonstrable, not only in terms of side effect reduction but also efficacy. This is not the case. The latest meta-analysis, once again, highlights differences in mortality reduction-the primary aim of antihypertensive therapy-with different classes of RAAS inhibitor in hypertension. 4 These differences between ACE inhibitors and ARBs are so marked that they have already led to calls for changes in the way RAAS inhibitors are used in clinical practice and for the preferential use of ACE inhibitors ahead of ARBs in hypertension, except in cases of ACE inhibitor intolerance. 57 Medicine today should be practiced according to evidence. In the case of mortality reduction in hypertension, by denying patients the use of drugs with proven benefits-ACE inhibitors-in favor of those with no evidence of benefits-ARBs-we are denying patients access to effective treatment and thereby harming them indirectly. In the latest meta-analysis, there was a substantial amount of heterogeneity between ACE inhibitors; treatment with perindopril, in particular, was associated with significant reductions in all-cause and cardiovascular mortality. 6 More generally, once-a-day administration and an ability to modulate cardiovascular risk factors, both characteristics of perindopril, are deemed important by European hypertension guidelines. 4 Given what we know today about the effects of ACE inhibitors and ARBs on mortality in hypertension, perhaps now is the moment to reconsider how we prescribe these agents.
